The prospect of combining both magnetic and plasmonic properties in a single nanoparticle promises both valuable insights on the properties of such systems from a fundamental viewpoint and numerous possibilities for technological applications. However, the combination of two of the most prominent metallic candidates-iron and silver-has presented numerous experimental difficulties because their thermodynamic properties impede miscibility and even coalescence. Herein, we present the thorough characterization of physically prepared Fe 50 Ag 50 nanoparticles embedded in carbon and silica matrices via electron microscopy, optical spectroscopy, magnetometry and synchrotron-based X-ray spectroscopy. Iron and silver segregate completely into structures resembling fried eggs, with a nearly spherical, crystallized silver part surrounded by an amorphous structure of iron carbide or oxide, depending on the environment of the particles. Consequently, the particles exhibit both plasmonic absorption corresponding to the silver nanospheres in an oxide environment and a reduced but measurable magnetic response. The suitability of such nanoparticles for technological applications is discussed from the viewpoint of their high chemical reactivity with their environment.
Introduction
Metal nanoparticles have attracted increasing attention over the past decades in both fundamental and applied research because of the great variability and tunability of their physical and chemical properties through their composition, size, and shape dependence. In particular, purely nanoscopic effects such as the localized surface plasmon resonance [1] and superparamagnetism [2] are subjects of intensive investigation. The research motivation is even greater when two or more metals are combined at the nanoscale and when composition Nano Res. 2018, 11 (11) : 6074-6085 effects play an additional, often decisive role [3] [4] [5] . In this case, an immense playground of fascinating new properties and possibilities is introduced, e.g., efficient nano-catalysts made of immiscible metals [6] and theranostics applications [7] . On the other hand, the complexity of such systems requires a detailed understanding of the underlying effects and interactions for the efficient design of nanosystems with new and tunable properties through the size, shape, composition, and atomic structure of multi-metallic clusters.
Combining ferromagnetic transition metals and noble metals in nanoparticles is of particular interest in many aspects. The presence of plasmonic and magnetic properties in the same particle allows the same systems to be studied from several complementary angles. Furthermore, such nanosystems are promising for applications, e.g., in magneto-plasmonics [8, 9] . Applications of such multifunctional magnetic nanoparticles are envisaged in the biomedical field [10] and for surface enhanced Raman spectroscopy (SERS) [11] , as contrast agents or for information technology via magneto-optical switching [12] .
One ideal candidate for a magneto-plasmonic system is FeAg. Iron has a very high saturation magnetizationfour times higher than that of one of the most abundant oxides, magnetite Fe 3 O 4 -whereas silver has an extinction coefficient four times higher than that of gold at the surface plasmon resonance [13] . However, the extremely high affinity of iron to oxidation has hindered the fabrication of purely metallic FeAg nanoparticles, and most studies focus on the fabrication and study of particles combining silver with iron oxides [9, 14] , as well as their applications, e.g., in biomedicine [15] , theranostics [16] , SERS [17] , catalysis, and imaging [18] .
The questions of whether and how it is possible to stabilize FeAg nanoparticles without oxidation, as is possible for FePt [19] , for example, are important but remain unanswered.
Fe and Ag are completely immiscible in the bulk and liquid phases [20] , and no stable substituting alloy, with silver on a body-centered cubic (bcc) site in iron or iron on a face-centered cubic (fcc) site in silver, has been observed in the bulk phase. The thermodynamically stable state accessible by thermal treatment consists of pure iron precipitates in a silver matrix [21, 22] . Extended X-ray absorption fine-structure investigations of granular FeAg layers have shown that the as-prepared state is a meta-stable solid solution, while annealing leads to the precipitation of iron into bcc structures [23] .
Combining two immiscible metals in one nanoparticle is difficult. In pure FeAg particles, we expect an iron core surrounded by a silver shell, given the difference in the surface tension of the two metals [24] . In chemical synthesis, segregated core-shell or dumbbell-shaped structures are typically obtained [9, 25, 26] . In the few reported cases of chemically prepared Fe-Ag nanoparticles, the core-shell structure prevails [13, 27, 28] . Both Fe@Ag and Ag@Fe particles have been obtained, showing that the fabrication sequence and presence of surfactants determine the structure. Such particles have already been tested for catalysis [29] and antimicrobial treatment [30] . One fabrication technique combining physical and chemical approaches involves generating metal vapor via laser vaporization in a liquid containing functionalizing molecules, typically thiols. Ramified structures termed nanotruffles were observed for the Fe-Ag system [31] and the use of this fabrication method for magnetically assembled SERS substrates has been reported [32] .
This overview clearly demonstrates the complexity that one should expect concerning both the geometric structure of such nanoparticles and their physical and chemical properties. Before choosing adequate candidate systems for magneto-optical or magnetoplasmonic studies and applications, a thorough study based on complementary experimental and theoretical techniques is mandatory. In this article, we present such an exhaustive study for FeAg nanoparticles fabricated via laser vaporization in the gas phase, without chemical surfactants. The only reported study employing this technique for the fabrication of small clusters combining iron and silver demonstrated its feasibility, but the stoichiometry was shown to be very complex, indicating unfavorable Fe-Ag bonding [33] . We characterized our particles using methods such as electron microscopy, optical spectroscopy, magnetometry, and synchrotron-based X-ray spectroscopy. The consistent combination of complementary techniques allows discriminating between different Nano Res. 2018, 11 (11) : 6074-6085 structural possibilities and physical effects in a system as complex as iron-silver and thus permits the evaluation of the suitability of our particles for further studies and applications.
Experimental

Sample preparation
Nanoparticles are produced using a conventional laser vaporization source [34] . The second harmonic of a nanosecond Nd 3+ :YAG pulsed laser is focused on the surface of a metallic target, generating an atomic plasma in the presence of a continuous flow of helium gas. The atomic vapor is rapidly cooled by collisions with the inert gas (static pressure of a few tens of mbars), which induces the nucleation and growth of small metal clusters (2-6 nm in diameter). The particle-gas mixture expands into vacuum through a conical nozzle, forming a supersonic beam toward a deposition chamber. Bimetallic clusters are produced from an Fe 0.5 Ag 0.5 bi-metallic target (50%-50% atomic composition, Neyco sa., France). The study of many miscible and immiscible metals fabricated in this manner has shown that the mean stoichiometry in the nanoparticles is the same as that in the target rods [35, 36] .
The nanoparticles are then deposited under softlanding conditions for electron microscopy, magnetic experiments, or optical experiments. For electron microscopy, ultrathin carbon films (Ted Pella Inc.) are used, and the particles are either left uncapped or protected by sandwiching them between two evaporated layers each several nanometers thick-in our case, amorphous carbon or silica. For ensemble measurements, the particles are co-deposited together with the protective matrix (amorphous carbon or silica) onto adequate substrates, which are fused silica for optical experiments and silicon wafers for magnetism and synchrotron experiments. For optical and magnetic measurements, the particle density is kept below ~ 1 vol.% in order to avoid inter-particle interactions, and the concentration of the sample for X-ray magnetic circular dichroism (XMCD) is increased (~ 5 vol.%) to increase the signal/noise ratio. No post-fabrication heat treatment is performed on the samples discussed here.
Two types of matrices are used to isolate the nanoparticles and protect them from thermal and chemical degradation: amorphous carbon for magnetic measurements and silica as a transparent oxide for optical measurements. Furthermore, both systems are investigated via electron microscopy. Amorphous carbon has been shown to be an excellent matrix for coalescence-free annealing [37] [38] [39] of mono-and bi-metallic clusters. A very thin layer of carbon on the order of 5 nm thick is generally sufficient for complete protection against oxidation, and the samples are stable under ambient conditions. For iron-containing bi-metallic nanoparticles, the miscibility between iron and carbon must be considered. In the size range discussed here (2-6 nm in diameter) it has been shown for some elemental combinations (FeRh [39] , FePt [40] ) that even though carbon interstitials may be formed at the interface between the metal particles and the matrix, this carbide can be decomposed through heat treatment, leading to pure metallic, chemically ordered FePt and FeRh clusters. In other elemental combinations, such as FeCo, a higher chemical affinity for carbide formation is observed, and stable iron carbides are detected [41] . Whether such an intact nanoparticle structure with a welldefined interface can be achieved for the FeAg system and to what degree carbide formation is an issue have not been addressed thus far.
Transmission electron microscopy (TEM)
Conventional TEM shows heterogeneous particles with a relatively spherical part surrounded by a more disordered structure, resembling a "nano-fried-egg". These heterostructures are observed for all three investigated systems: Uncapped nanoparticles deposited onto an ultrathin carbon membrane as well as particles embedded in either silica or amorphous carbon matrices (Fig. 1 ). The differences in contrast are due to differences in the atomic number Z and indicate the segregation of silver (Z = 47) in the spherical, most contrasted part and iron (Z = 26) in the adjacent, less well-defined one. This assumption is confirmed by energy-dispersive X-ray spectroscopy (EDX) performed in the scanning TEM (STEM) mode, as shown in Fig. 2 . Here the analysis of X-rays generated by the fast electrons allows for spatially resolved elemental analysis in combination with image collection using a high-angle annular dark field (HAADF) detector.
To elucidate the crystalline structure and the chemical state of the FeAg nanoparticles, we perform high-resolution TEM (HR-TEM). Depending on the focusing conditions of the electron microscope, it is possible to increase the contrast for either the silveror iron-containing part of the nanoparticles, as shown in Figs. 3(a) and 3(b) .
For the spherical part of the particles, a crystalline atomic resolution is readily obtained for many particles (Figs. 3 and 4 However, the iron-containing part is more complicated to investigate. None of the images initially obtained indicate a crystalline lattice, and these parts of the nanoparticles appear amorphous. Only after several minutes of electron irradiation do crystalline structures appear. The amorphous parts crystallize under the electron beam into several domains (Fig. 4) , but spots appear in the FFT patterns. In no case was clear evidence of metallic iron observed. For silica as a matrix, the observed structures agree with both magnetite (Fe 3 O 4 ) and hematite (-Fe 2 O 3 ) structures, but the number of spots is insufficient to discriminate between the two oxides. However, a comparison of the heats of formation for the different oxides clearly favors the magnetite phase [42] . Diffraction patterns were simulated using the JEMS software [43] .
For carbon as a matrix, only a few spots are discernible after prolonged irradiation, and no clear attribution to specific carbides or other non-metallic structures is possible. This means that the samples evolve under the influence of the electron beam. The initially amorphous low-contrast parts of the nanoparticles containing iron are meta-stable and altered, whereas the silver nanospheres remain unchanged. In some cases, the projected surface of the ironcontaining part is large, as shown in Fig. 3 . This suggests partial wetting of the surface by the iron fraction during the chemical reaction, resulting in a "nano-fried-egg" structure.
Selected-area electron diffraction (SAED) is a technique for the averaged detection of interplanar distances. A large area (approximately 100-500 nm in diameter) is irradiated by electrons, and the diffracting distances result in spots and rings. This technique averages over hundreds of particles and is thus complementary to the aforementioned single-particle investigations. We perform SAED measurements on Fe 50 Ag 50 nanoparticles in both a-C and silica matrices, and examples are shown in the ESM. All the observed distances (five and four values, respectively) agree with those expected in fcc Ag or, for some distances, bcc Fe, as shown in Table S1 in the ESM. No distances of crystallized silver oxide, iron oxides, or iron carbides are evidenced, corroborating the hypothesis of an amorphous iron-containing part of the nanoparticles.
Optical spectroscopy
The optical properties of Fe 50 Ag 50 nanoparticles are investigated through absorption spectroscopy after the nanoparticles are embedded in a transparent silica matrix. The measurements are performed using linearly polarized light (transverse magnetic) and sample mounting at the Brewster angle in order to prevent Fabry-Perot interferences within the sample film. As shown in Fig. 5(a) , the localized surface plasmon resonance typical for silver nanoparticles [1] is broadened, damped, and slightly redshifted but still clearly visible. This observation is in qualitative agreement with the structural characterization of a spherical metallic silver particle in a heterogeneous environment of silicon-and iron-oxide. The surface plasmon energy of silica-embedded nanoparticles is not size-dependent in this size range [44] .
To verify the consistency of our assumed nanoparticle structure, we simulate the optical response of several test structures using a finite-element method (commercial COMSOL software). All the simulated particles are 5 nm in diameter and are embedded in a medium with the experimentally determined refractive index of slightly porous silica ( m = 2.14). The spectra for the concentric geometries are calculated analytically using Mie theory with the quasi-static approximation [45] . The agreement between the obtained curves and the two simulation methods is excellent, validating our approach. Figure 5 (b) shows simulated absorption spectra for different chemical compositions and geometries. The Fe@Ag core-shell structure, which is expected from the thermodynamic considerations based on the surface tensions of iron and silver [24] , has a predicted surface plasmon resonance at a considerably higher energy than that of pure silver; thus, we can rule out this geometry. However, the eccentric structures of a silver core in an iron oxide shell of varying stoichiometry show the same broadened and redshifted response observed in the experiment. Even though we cannot infer the exact local composition of the iron oxide parts from our experiments, our simulations show that the presence of oxygen systematically redshifts and broadens the resonance compared with that of a pure silver sphere. It should be emphasized that this resonance is a response of the whole complex system Ag@Fe x O y , in which Fe x O y may strongly affect the shape of the resonance because it is an absorbent material with a non-constant dielectric function in the visible range. The same qualitative trend is observed for concentric and fully segregated Janus-type geometries and is expected for structures deviating from a simple sphere.
Thus, the optical measurements provide evidence for i) the loss of the metallic characteristic of iron and ii) chemical phase segregation between pure silver and an iron oxide-based dielectric domain, even if the exact morphology (centered or off-centered core-shell, Janus, etc.) cannot be inferred with certainty.
Magnetic properties
XMCD
To further investigate the chemical composition of the iron-containing part of the FeAg nanoparticles and to see whether and to which degree the magnetic properties of iron are conserved, we perform different magnetic experiments on carbon-embedded FeAg nanoparticles. First, we use XMCD at the L 2,3 edge of iron to derive the spin and angular momenta of the iron atoms. These experiments are conducted at the LNLS synchrotron in Campinas, Brazil. Figure 6 displays X-ray absorption curves for the two photon helicities. The XMCD signal shows a clear magnetic contrast. The iron atoms retain a magnetic polarization even when combined with silver and embedded in an amorphous carbon matrix. Using the well-known sum rules [46] and a value of N h = 3.4 for Nano Res. 2018, 11 (11) : 6074-6085 the number of holes in iron [47] , we obtain a mean orbital momentum of m L = 0.075 μ B and a mean spin moment of m S = 0.76 μ B , resulting in a total moment of 0.83 μ B . This value is significantly smaller than that for bulk iron (2.2 μ B ) but is clearly discernable.
A doublet is observed at the L 3 edge and, to a lesser degree, at the L 2 edge: the iron is not in its purely metallic form. Comparison with spectra in the literature allows the exclusion of predominant oxidation, because all iron oxides, even in the non-stoichiometric form and at the nanoscale, display more complex X-ray absorption spectra and oscillating XMCD curves [48] , owing to the multiplet splitting. On the other hand, amorphous iron carbides show the same doublet observed in our results [49] , and by comparison we can estimate the composition around Fe 30 C 70 . We can thus identify the iron-containing parts of the nanoparticles, which are non-resolved in TEM, as an amorphous carbide, in agreement with the absence of stable crystalline structures in this carbon-rich region of the Fe-C phase diagram [50] . Note also that all stoichiometric iron carbides have reduced magnetic moments of 1.7-1.8 μ B per atom [51] with respect to bulk iron and we can expect even lower values for the amorphous state. Magnetic meta-stability [52, 53] cannot be ruled out as a further source of reduced magnetic moments.
Magnetometry
Additional magnetic measurements are performed using a superconducting quantum interference device (SQUID) magnetometer (MPMS XL5 from Quantum Design, USA). We perform a complete magnetic characterization combining zero-field-cooled/field-cooled (ZFC/FC) susceptibility, magnetization m(H,T), and low-temperature isothermal remanent magnetization (IRM) curves. We then fit the entire magnetic response curves simultaneously by following the extended "triple fit" procedure, which has successfully been used in the past to treat and interpret the magnetic responses of both mono-and bi-metallic nanoparticles [38, 39, [54] [55] [56] [57] .
This redundant multiple fitting uses only a very small number of fit parameters and thus allows reliable values to be obtained for the magnetic diameter distribution and the magnetic anisotropy constant. The only adjustable parameters are the median particle size D mag , its dispersion in a log-normal distribution w mag , an effective anisotropy constant K eff with a dispersion in a Gaussian distribution w K , and finally a possible biaxial component of the magnetic anisotropy described by the ratio of effective constants K 2 /K eff . An amplitude parameter accounts for the number of particles in the sample but is not of interest in this study. This procedure is highly sensitive to interparticle interactions and thus very efficient for the exclusion of spurious deviations from the initial hypothesis of non-interacting isolated macrospins. Figure 7 shows the experimental magnetic data together with the obtained fits. To reduce the ambiguity for the obtained values from the fits, we use a median particle size derived from TEM. Because the ironcontaining parts of the nanoparticles are poorly defined, we determine the volume distribution for the Nano Res. 2018, 11 (11) : 6074-6085 well-contrasted spherical silver parts of the particles (Fig. S1 in the ESM) . According to the 50/50 composition of the target rod, we assume the same distribution for the number of iron atoms. Using this value and the magnetic moment per atom obtained from XMCD, we can well fit the experimental curves. The obtained values are D mag = 2.5 nm (from TEM), w mag = 0.29 ± 0.03, K eff = 38 ± 5 kJ/m 3 , w K = 0.1 ± 0.1, and K 2 /K eff = 1 ± 0.5. Figure 7 (b) clearly shows that a biaxial component of the magnetic anisotropy is necessary for reproducing the experimental data.
A different rough estimate of the size of the ironcontaining parts from the magnetic measurements is possible. The IRM response, at least strictly at 0 K, does not depend on the particle size but only on the saturation magnetization M sat [55] . The other magnetic curves shown above depend on the magnetic moment, i.e., M sat multiplied by the volume. Thus, it is possible to obtain identical curves in the "triple fit" with a doubled volume and half the saturation magnetization, describing a strongly dilute system as far as iron is concerned, such as in an alloy nanoparticles. However, the IRM curve is impossible to reproduce; thus, we can rule out this case.
Results and discussion
All experimental results for the physically prepared Fe 50 Ag 50 nanoparticles are consistent, and the overall image is as follows. The thermodynamic properties of the two metals are very different, the phase diagram shows no miscibility at any stoichiometry or temperature [20] , and the surface tensions differ by a factor of two [24] , suggesting silver enrichment at the surface. Consequently, the two metals segregate. Although we do not know the structure of the nanoparticles before deposition, we observe the same Janus-type separation for all investigated environments. This observation suggests environment-independent Janus-type segregation, in contrast to sequential fabrication via chemical methods [13, 27, 28] , where core-shell structures were observed. Possibly, the chemical reaction of the iron with the environment changes the initial geometry and reverses the elemental order, as has been observed previously [58] . Thus, even though its high reactivity with the environment determines the chemistry of the iron moiety, the resulting structures are very comparable, and consequently we discuss the results together.
The silver forms metallic, near-spherical nanocrystallites with an fcc structure or sometimes multiply twinned decahedra or icosahedra, in agreement with previous observations [59] [60] [61] .
The iron-containing part of the particles readily reacts with the surrounding matrix, forming metastable amorphous carbides or oxides. The latter can be transformed into multiply twinned crystallites under continuous irradiation in an electron microscope. The absence of crystallized iron phases has been observed in larger FeAg nanotruffles prepared via laser vaporization and functionalization in a liquid [31] . However, the formation of disordered alloy domains as proposed in that article was not observed in our case.
The silver nanospheres exhibit a surface plasmon resonance in the blue part of the visible spectrum, in good agreement with the expected response for silver nanoparticles in an oxide environment. It is broadened and shifted with respect to the reference peak of bare silver particles in silica, a trend that is well reproduced in numerical simulations of the optical response of eccentric Ag@Fe x O y nanoparticles.
The iron fraction maintains a reduced but significant magnetic moment despite the reaction with the carbon environment and the transformation into an amorphous carbide. All magnetic measurements can be reproduced by a small set of parameters and agree with the geometric characterization using electron microscopy. Both the magnetic moments per atom and the magnetic anisotropy are strongly reduced with respect to the iron bulk, and a strong biaxial component of the magnetic anisotropy is observed. All of this accords with the strongly heterogeneous shapes and the amorphous character of the iron carbide.
Despite this combination of both properties in the same particle, the iron-silver system does not appear to be ideal for magneto-plasmonic studies, owing to the high reactivity of the exposed iron fraction and the resulting magnetism reduction and strong phase separation. For other iron-containing nanoparticles fabricated via the same preparation method (FeRh Nano Res. 2018, 11 (11) : 6074-6085 [39] and FePt [40] ), chemically and thermally stable alloy particles have been obtained, but in this case, the two metals are miscible in the bulk phase. For iron and gold, which have very limited macroscopic miscibility, size-induced miscibility was reported in nanoparticles smaller than 10 nm [62] and for different stoichiometries [63] . The miscibility-macroscopic or nanoscale-induced-of iron in the other metal is the key for avoiding chemical reactions and thus the degradation of the particles. For iron and silver to be used in magneto-plasmonic nanoparticles, either the particles must be protected by an adequate ligand shell or miscibility must be induced, e.g., by a specific environment or temperature/pressure treatments. The protection of a pure iron particle by sequential deposition of a protective silver shell as demonstrated in Ref. [64] is another approach.
Finally, we wish to comment on the reliability of the interpretation of the magnetic data. Owing to the relatively large diameter dispersion and the poor definition of the amorphous iron-containing structures, the magnetic response curves are ambiguous. Only after separate determination of some of the input parameters (magnetic moment per atom from XMCD and median particle size from TEM) is an unambiguous set of fit parameters obtained. A conservative estimate of the relative errors of the aforementioned values on the order of 10% quickly rises to well above 100% if the median size or the saturation magnetization are left as free fit parameters. This underscores the importance of the redundant fitting of several entire curves as done in the "triple fit" procedure, together with complementary experiments.
Conclusions
We successfully fabricated surfactant-free small Fe 50 Ag 50 nanoparticles via a physical route. Multiply twinned particles with heterogeneous phases were evidenced. We demonstrated the coexistence of both metals in the same nanoparticles, which consequently exhibited both plasmonic and magnetic responses. The metals segregated completely in all the investigated systems. The silver fraction was always found in metallic, fcc crystallized, or sometimes multiply twinned nanospheres, while the iron formed amorphous structures that reacted with the surrounding matrix to form carbides or oxides. These iron compounds were meta-stable and crystallized under the electron beam of TEM.
The Fe 50 Ag 50 nanoparticles had a broadened but clearly discernable plasmon resonance with respect to the bare silver particles. The magnetic moment of the iron part was quantified and found to be reduced with respect to the bulk values of pure iron and its oxides. We attribute this reduction to the presence of carbides and the amorphous structure. The derived biaxial magnetic anisotropy was low, in accordance with the highly heterogeneous structures observed in electron microscopy, but was possible to quantify.
In conclusion, we successfully demonstrated advanced experimental techniques necessary for the unambiguous characterization of complex bi-metallic nanoparticles comprising both plasmonic and magnetic responses.
